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The paper examines both field experience and research on the prevention of the 
exponential growth of aflatoxins during multi-month post-harvest storage in hot, humid 
countries. The approach described is the application of modern safe storage methods 
using flexible, Ultra Hermetic™ structures that create an unbreatheable atmosphere 
through insect and microorganism respiration alone, without use of chemicals, fumigants, 
or pumps. Laboratory and field data are cited and specific examples are given describing 
the uses of Ultra Hermetic storage to prevent the growth of aflatoxins with their 
significant public health consequences. Also discussed is the presently limited quantitative 
information on the relative occurrence of excessive levels of aflatoxin (>20 ppb) before vs. 
after multi-month storage of such crops as maize, rice, and peanuts when under high 
humidity, high temperature conditions and, consequently, the need for further research 
to determine the frequency at which excessive aflatoxin levels are reached in the field 
vs. after months of post-harvest storage. The significant work being done to reduce 
aflatoxin levels in the field is mentioned, as well as its probable implications on post- 
harvest storage. Also described is why, with some crops such as peanuts, using Ultra 
Hermetic storage may require injection of carbon dioxide, or use of an oxygen absorber as 
an accelerant. The case of peanuts is discussed and experimental data is described. 
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INTRODUCTION 

Aflatoxins {Aspergillus flavus and Aspergillus parasiticus) are 
widely recognized as a major health problem, especially in hot, 
humid countries. This is a particular serious problem in such 
crops as maize, rice, peanuts, tree nuts, and dried fruits. Aflatoxin 
production normally occurs in the field, particularly when stim- 
ulated by drought, stress, and high temperatures or during pro- 
longed drying. Aflatoxin-producing molds grow exponentially in 
conventional multi-month storage as a result of a combination of 
heat and high humidity (Hell et al, 2010). 

Figure 1 (Villers et al., 2008) shows the graphic relationship 
between mold growth and relative humidity at equilibrium. It 
explains the mold growth during storage, when sustained relative 
humidity is beyond 65%. Table 1 shows the optimum condi- 
tions and ranges for Aspergillus growth and therefore aflatoxin 
development. When temperatures are below 65 degrees F, and 
the moisture of the maize is below 12-13%, development of the 
fungus usually stops (Sumner and Lee, 2012). 

In East Africa post-harvest losses in maize, as shown in 
Figure 2, often reach 25%, or more (World Bank Report, 201 1). 

AFLATOXIN EFFECTS 

Dr. J. H. Williams of the University of Georgia, USA, cites a survey 
of local African markets showing that 40% of the commodities 
found there exceeded permissible aflatoxin levels (in excess of the 
international standard of 10-20 ppb) and that an estimated 4.5 
billion people in developing countries are at risk of uncontrolled 
or poorly controlled exposure to aflatoxins, and up to 40% of 



commodities in local African markets exceed allowable levels of 
aflatoxins in foods (Williams, 2011). 

It is known that high aflatoxin levels in the bloodstream 
depresses the immune system, thereby facilitating cancer, HIV, 
and stunting the growth of children. A cross-sectional study con- 
ducted in Ghana and cited by Dr. Williams shows that immune 
systems of recently HIV-infected people are significantly mod- 
ified if they have above-median levels of natural exposures to 
aflatoxins (Williams et al., 2004). Referring to another study. Dr. 
Williams notes, "People with a high aflatoxin biomarker status in 
the Gambia and Ghana were more likely to have active malaria" 
(Williams, 2011). 

In 2014, the Global Forum for Innovations in Agriculture 
(GFIA) convened a high level meeting in Abu Dhabi, UAE, on 
revolutionizing global agriculture through innovations. Frank 
Rijsberman, the CEO of the CGIAR Consortium, in his report 
based on a Benin study (Gong et al, 2004) on the post-weaning 
exposure to aflatoxin, concludes that aflatoxins have impaired 
growth in children and are costing African farmers over $450 mil- 
lion USD per year in lost exports (Rijsberman, 2014). In 2010, 
10% of the Kenyan maize crop was condemned because of exces- 
sive aflatoxin levels. One of the laboratories in Kenya that year 
tested 130 maize samples out of which only 47 samples had 
aflatoxin levels less than 10 ppb. The highest level of aflatoxin 
recorded in that year was 830 ppb (FAO, 2011). 

Excessive aflatoxin levels also cause failure to thrive (or even 
death) in farm animals such as chickens and turkeys. According to 
Dr. Oladele Dotun, a Veterinarian at the Animal Care Laboratory 
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Typical Fungus Density vs Humidity 
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FIGURE 1 I Typical fungus density vs. humidity. 



Table 1 | Conditions favoring Aspergillus flavus development. 


Factor 


Optimum 


Range 


Temperature 


86° F 


80-1 10°F 


Relative humidity 


85% 


62-99% 


Kernel moisture 


18% 


13-20% 



Table shows the optimum conditions for Aspergillus growth and aflatoxin devel- 
opment. When temperatures are below 65° F and the moisture of the corn is 
below 12-13%, development of the fungus usually stops. 




FIGURE 2 I 2011 World Bank Report on post-harvest losses of maize in 
East Africa. 
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Village 


Aflatoxin content (ppb) 


At harvest 


1 month in 
storage 


2 months in 
storage 


Bamba (5) 


101.3 


168.9 


275.5 


Gouak (5) 


61.4 


118.0 


174.7 


KGd0kaiii(5) 


119.2 


352.6 


400.0 


SIdo (5) 


53.7 


93.6 


166.2 



FIGURE 3 I Increase in aflatoxin concentration during storage in the 
farmers' fields. 



in Nigeria, research has shown that aflatoxins cause infertil- 
ity, abortions, and delayed onset of egg production in birds as 
well as sudden losses in egg production in actively laying birds. 
Furthermore, loss of appetite, skin discoloration, or even yel- 
lowish pigmentation on skin can be observed in fish (Oladele, 
2014). 

An increasing amount of scientific research has been devoted 
to learning more about aflatoxin growth problems and possi- 
ble solutions, including using genetically modified or hybridized 
seeds formulated for mold resistance or through use of prod- 
ucts such as AflaSafe, now used in Africa. AfliaSafe's "biolog- 
ical approach" uses a closely related, non-aflatoxin-producing 
mold to out-compete the aflatoxin-producing molds. In tem- 
perate climates, aflatoxin problems have been controlled largely 
with ventilation during cooler nights and through lower winter 
temperatures (CAES, 2014). 

A neglected part of the aflatoxin problem has been the rapid 
growth of post-harvest aflatoxin levels when stored for prolonged 
periods in the conditions of high temperature and relative humid- 
ity above 65% found commonly in all tropical climates (See 
Figure 1). In the tropics, field studies by Icrisat in Mali show that 
conventional storage for more than 2 months causes rapid growth 
of aflatoxins (Waliyar et al, 2002) (Figure 3). 

In Guatemala, a field survey of maize sold in rural markets 
by Martinez-Herrera in 1968 found that considerable contamina- 
tion by several fungi, induding Aspergillus species were frequently 



present. His evidence suggests that maximum aflatoxin contam- 
ination of maize in Guatemala occurs during the rainy season. 
Maize samples analyzed 20 days after harvest had levels of 130 |xg 
aflatoxin per kg of total maize. The same samples analyzed 60 
days later showed rapid increase, up to 1 680 |xg per kg (FAO, 
1992). 
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This data, as well as data from several other studies, strongly 
indicate the need to dry maize before storage. Drying is an impor- 
tant step in ensuring good quality grain that is free of fungi and 
microorganisms and that has desirable quality characteristics for 
marketing and final use. Diverse drying systems and equipment 
are available that use various sources of energy, including solar 
energy. Choice of system requires consideration of a number of 
factors: temperature and air velocity, rate of drying, drying effi- 
ciencies, kernel quality, air power, fuel source, fixed costs, and 
management (FAO, 1992). 

An interesting question is what happens to aflatoxin growth 
in Ultra Hermetic Storage™ following the use of biological con- 
trols such as AflaSafe, which introduces non-aflatoxin-producing 
molds to compete with aflatoxin-producing molds. However, bio- 
logical competition between mold populations alone will not 
totally eliminate aflatoxin mold prior to storage. We believe that 
storage under tropical conditions in classical containers such as 
silos, bags, and tarps will continue to produce the exponen- 
tial aflatoxin growth shown in Figure 1, probably from a lower 
starting population. 

CHEMICAL APPROACHES TO POST-HARVEST CONTROL 

Many chemical and additive methods for controlling aflatoxin 
growth have been proposed, but used only to a limited extent. 
For instance, as noted by Lunven at FAO, "Chakrabarti showed 
that aflatoxin levels could be reduced to less than 20 ppb using 
separate treatments with 3% hydrogen peroxide, 75% methanol, 
5% dimethylamine hydrochloride, or 3% perchloric acid. These 
treatments, however, induced losses in weight and also in pro- 
tein and lipids. Other methods include the use of carbon dioxide 
plus potassium sorbate and the use of sulphur oxide." Lunven 
also noted another process that had received some attention, 
namely the use of calcium hydroxide, a chemical used for 
lime cooking of maize. Regarding this process, Lunven stated, 
"Studies have shown a significant reduction in aflatoxin levels, 
although the extent of reduction is related to the initial levels. 
Feeding tests with moldy maize treated with calcium hydrox- 
ide have shown a partial restoration of its nutritional value" 
(FAO, 1992). 

However, to date, no chemical or additive method has gained 
general acceptance. Concerns about using chemicals or additives 



is still growing, encouraging the expanded use of methods that 
have no contamination potential. 

SAFE STORAGE USING ULTRA HERMETIC AIRTIGHT 
CONTAINERS 

Ultra Hermetic Storage™ is in use now at a varying scale in 103 
countries. It has been shown that WHEN sufficiently airtight, it 
drastically inhibit mold growth and hence aflatoxin expression. 
Since molds need oxygen and high humidity, the natural respi- 
ration of the contained insects and other microorganisms, and 
sometimes respiration of the commodity itself, will use up the 
available oxygen faster than any residue leakage. After 10 days 
to 2 weeks at room temperature or above, this results in an 
unbreatheable atmosphere-typically 3% oxygen and 15% carbon 
dioxide. This does not kill the molds, but as shown in Table 2, in 
the case of peanuts, the unbreatheable atmosphere arrests mold 
development of Colony Forming Units (CFUs) so that even after 
several months, the levels of mold products, and therefore afla- 
toxins do not rise significantly. The same table shows inhibition 
of Free Fatty Acids (FFAs), which cause rancidity (Navarro et al., 
2012). 

Martin Gummert, post-harvest rice specialist at the 
International Rice Research Institute (IRRI), wrote about 
storage of rice and rice seed, "Hermetic Storage of rice is becom- 
ing increasingly popular across Asia, and for good reason — as 
well as being transportable, it is better than air-conditioned 
storage and almost as good as a cold room, at a fraction of the 
cost" (Villers and Gummert, 2009). 

THE SPECIAL CASE OF PEANUTS 

Peanuts often are often contaminated with aflatoxins before stor- 
age, but (unlike most grains) may take as long as 30 days or so 
to reach a 3% oxygen level in Ultra Hermetic storage (Navarro 
et al., 2012). This is too long a period to prevent major increase of 
aflatoxin levels. For this reason, one of two forms of accelerant is 
used. For field operation and portable bags, an oxygen- absorbing 
sachet weighing 65 g per 69 kg capacity is sufficient. For large 
storage units or volume production, injecting carbon dioxide to 
drive out the air is adequate. Table 2 shows mold growth densities 
measured in CFUs after 90 days (Navarro et al, 2012). The table 
shows two orders of magnitude difference in mold density for 



Table 2 | FFA and CFU mold levels in peanuts. 



Moisture 


Test parameters 


Initial 






After 90 days 






content (%) 




















Hermetic clean 


Hermetic with 3% 


CO2 with 3% 


Control clean 


Control with 3% 








peanuts 


broken peanuts 


broken peanuts 


peanuts 


broken peanuts 


7 


% Moisture content 


5.97 ± 0.03 


6.80 ±0.20 


720 ±0.21 


6.60 ± 0.40 


6.33 ± 0.53 


6.60 ±0.26 




FFA (% oleic acid) 


0.36 ± 0.01 


0.63 ± 0.53 


0.70 ±0.17 


0.43 ± 0.07 


0.57 ± 0.03 


1.50 ±0.12 




Aflatoxin (^g/kg) 


<0.3 


<0.3 


<0.3 


<0.3 


<0.3 


<0.3 




CFU molds 


3*102 


1.8*103± 1.2*103 


1.7*103± 7*102 


9.7*10i± 28 


1.3*104± 9*103 


4*104± 3*103 


8 


% Moisture content 


7.53 ± 0.07 


6.87 ±0.15 


6.37 ± 0.2 


710 ±0.32 


6.63 ±0.19 


730 ±0.17 




FFA (% oleic acid) 


0.42 ± 0.09 


0.67 ± 0.17 


2.13 ± 0.07 


0.77 ± 0.03 


2.57 ± 0.47 


4.00 ± 0.42 




Aflatoxin (^g/kg) 


<0.3 


<0.3 


<0.3 


<0.3 


<0.3 


<0.3 
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crops stored in conventional (the Control) vs. hermetic storage, 
using carbon dioxide injection. Hermetic storage, even without 
injected carbon dioxide, still shows a five-fold improvement vs. 
the Control. Unfortunately, in this particular study, aflatoxin- 
producing molds turned out to be largely absent in the mold mix, 
and therefore the data of Table 2 does not allow direct measure- 
ment of the growth of aflatoxin, as distinct from all molds (CFU). 
Table 2 shows the significant improvement with hermetic storage 
alone and even greater improvement with the early addition of 
CO2 in controlling the growth of rancidity-producing FFAs. 

AN UNSOLVED QUESTION 

Needing further study is the question of exactly how frequently 
aflatoxin levels exceed the international standard of 10-20 ppb at 
initial storage time vs. after long-term storage. The unanswered 
question is how frequently initial tolerable levels of aflatoxins 
become intolerable after improper drying and or improper post- 
harvest storage. We believe it is quite likely, that the levels of 
aflatoxin in grains registering above 10-20 ppb in peanuts before 
storage may well be relatively infrequent but only exceed the inter- 
national safety standard after long-term storage. The absence of a 
definitive answer to this question may well contribute to scien- 
tific attention still being devoted almost entirely to the problem 
of controlling aflatoxin in the field. To date, the demonstrated 
use of Ultra Hermetic storage, although widespread and avail- 
able, has not yet resulted in much scientific work being focused 
on existing ways of preventing aflatoxin growth post-harvest and 
in longer-term storage. We believe such study is overdue. 

AVAILABLE FORMS OF ULTRA HERMETIC AIRTIGHT 
STORAGE 

Ultra-Hermetic™ (airtight) enclosures without pesticides or 
fumigants use the respiration of infesting insects and other 
microflora as their "engines" to produce an unbreatheable atmo- 
sphere. Available sizes of such airtight plastic enclosures vary 
over a wide range depending on the application. They range 
from the patented man-portable SuperGrainbags™, made from 
thin (0.078 mm) coextruded, multi-layer plastic with capacities 
from 25 kg to 2.8 tons (Figure 4), to flood- and tsunami- resistant 
Cocoons™ made from 0.8 mm PVC with capacities of 5- to 
1000-tonnes (Figure 5). Their massive air and watertight bulk 
and geometry help explain their survival when full in several 
Philippine typhoons and in one flood. 

Cocoons are also highly rodent- resistant, as a result of inten- 
tionally stretching their tough exterior surface to prevent rodents 
from gaining a tooth hold. Cocoons can be erected without spe- 
cialized tools or equipment and can be rapidly installed either 
directly on the ground or on pavement, either indoors or out- 
doors, and have a 10-15 year useful life. 

The SuperGrainbag, man-portable Ultra Hermetic storage 
shown in Figure 4 has permeability to oxygen of only 3 cc/m^/per 
day, 500 times more airtight than ordinary plastics such as 
polyethylene. This results from the use of a proprietary barrier 
layer inside its 3 -layer, coextruded design. 

Figures shows 100-tonne Cocoons enclosing bags of grains 
stacked on the bottom of the Cocoon. After the bags are stacked, 
the Cocoon is closed by mounting its upper section over the pile. 






EED STO 


RA 



FIGURE 5 I Outdoor seed storage in Rwanda. 



Then the two sections are zipped together with an airtight zipper, 
originally designed for astronauts. 

Other designs, such as the 1- to 2-tonne capacity GrainSafe™ 
shown in Figure 6, are used for storing bulk grain, and are 
designed for continuous in-and-out access while maintaining 
hermeticity and avoiding empty headspace when partly empty. 

The largest existing Ultra Hermetic storage units are known 
as Hermetic Bunkers™ and store 10,000- to 20,000-tonnes 
(Figure?) (Navarro et al, 1993). They are designed for multi- 
year strategic storage. Hermetic Bunkers are used for up to 5 -year 
storage of barley, maize or wheat, such as in Cyprus, Jordan, and 
Israel (Navarro et al, 1993). 
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FIGURE 6 I GrainSafe in Guatemala storing maize. 























FIGURE 7 1 Bunker in Jordan storing wheat. 





Rice and other grain seeds now are among the leading 
commodities stored in Ultra Hermetic enclosures instead of 
air-conditioned or refrigerated facilities (Villers and Gummert, 
2009). 

SAFE SOLAR DRYING 

All forms of longer-term storage historically have required proper 
drying before storage. Various strategies have been used, but in 
most developing countries the capital and consumption costs of 
using non-renewable fuels are unaffordable, and so solar drying is 
used. However, much solar drying is done on paved patios, paved 
roads, or even dirt roads, with no protection from rewetting when 
it rains. The Collapsible Solar Dryer (CDC)™ (Figure 8) has the 
special property of being manually reclosed on itself when it rains, 
creating a rainproof cover like a suitcase lid that keeps the seeds 
or grains dry until the rain stops. 

CONCLUSION 

Programs to control aflatoxin-producing molds in the field 
through improved seeds or biological control have yielded 
encouraging results, but they do not protect commodities from 
exponential aflatoxin growth in post-harvest storage under hot, 
humid conditions, which in many cases may be the dominant 
growth factor. Ultra Hermetic storage is an available, important 





























FIGURE 8 1 Collapsible solar dryer in Ghana. 



answer to keeping aflatoxin levels at (or below) the International 
Standards of a maximum of 10- to 20-ppm, now so often exceeded 
in hot, humid climates. It is already widely proven in the field 
but not yet utilized on a sufficient scale. To date, the importance 
of post-harvest protection against aflatoxin growth remains not 
widely understood by the scientific community. Existing literature 
on aflatoxin control focuses on means of reducing aflatoxin levels 
during the growing period, and more work is needed to prove the 
full public health significance of aflatoxin growth during conven- 
tional drying and in non-hermetic, post-harvest storage vs. levels 
of aflatoxin already existing by harvest time. 
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